Abstract-Surface Extended X-ray Absorption Fine Structure (SEX-AFS) and Ultraviolet Photoemission Spectroscopy (UPS) are two important analytical techniques in surface science that are best performed on a synchrotron beam line. We will describe in this paper an approach for thermionic cathode research that combines the use of these two experimental techniques with theoretical calculations based on the powerful Full-potential Linearized Augmented Plane Wave (FLAPW) method. Particularly, we are interested in the physics and chemistry of the Ba and 0 layer present on the surface of a dispenser cathode, and in the relation of its properties to cathode performance. In our approach, SEXAFS will determine the surface geometry associated with the overlayer, and UPS the electronic properties of the B a -0 covered surface. Through the correlation of the surface geometry with the surface electronic properties via FLAPW calculations, we hope to identify some of the essential issues that underline the performance of dispenser cathodes. We will present in this paper some of our results obtained during the initial stage of this research. In particular, we find that the standing-up (or vertical) geometry is unlikely for B a -0 adsorption on tungsten surfaces, based on both our experimental as well as theoretical findings.
I . INTRODUCTION HROUGH surface analysis, cathode researchers have
T identified Ba and 0 to be the major chemical elements present on the surfaces of dispenser cathodes. Although there is disagreement over the precise coverage, this Ba and 0 surface layer is believed to be between half and a full monolayer [ 11-[6] . We wish to investigate how this layer serves to lower the work function of the substrate, why cathodes with alloy substrates have lower work functions than those of standard tungsten matrix cathodes, and what changes can be made to develop a more robust cathode. To accomplish this goal, we need a realistic model of a cathode surface and a reliable theoretical treatment to identify the important physics governing the interactions among Ba, 0, and the substrate. To build this model, we need a much more detailed knowledge of the geometrical and electronic properties of the surface layer than is already known. At present, we do not know the precise geometrical arrangement of the Ba-0 overlayer on the substrate (e.g., whether the Ba-0 is standing up or lying down [7] - [12] , how the Ba-0 interacts with the substrate atoms (whether the Ba-0 adsorbs as a molecular entity or dissociates completely), or even the chemical state of the Manuscript received July 11, 1988; revised September 19. 1988 surface species (whether the Ba is in a metallic or ionic state [4], [9] , 1131, [14] , for example). To clarify some of these issues, we plan to utilize two experimental techniques, namely Surface Extended X-ray Absorption Fine Structure (SEXAFS) and Ultraviolet Photoemission Spectroscopy (UPS) in conjunction with our existing AES. LEED, and work-function-measurement capabilities. In particular, UPS and Angle Resolved UPS (ARUPS) will be used to probe the valence and shallow core electrons of the adsorbed barium and oxygen as well as the W substrate, while SEXAFS above the Ba absorption edges will be used to determine the atomic arrangements at cathode surfaces. The full potential of SEXAFS and ARUPS can best be exploited with the aid of synchrotron radiation because of the high intensity, tunability, and polarizability of the synchrotron light.
On the theoretical side, recent advances in calculational techniques, specifically the Full-potential Linearized Augmented Plane Wave (FLAPW) method. now make possible an accurate description of the electronic properties of metal surfaces, whether clean or covered with a monolayer of atoms or molecules. For example, Posternak er al. [15] have succeeded in predicting the work function of a clean W (001 ) surface to within 0.1 eV of the observed value. Similar FLAPW calculations will serve as our theoretical support.
Ideally, we can obtain detailed information on the atomic arrangement of BaO/W from the SEXAFS measurements. This information then can be used to facilitate the FLAPW calculations. The calculations will yield, among other things, the electronic structure of the adsorbate/substrate system; specifically, the work function, charge transfers, and density of states. Finally, the UPS and ARUPS experiments will measure the electronic structure. Comparison between the calculated and observed results will determine the validity of a proposed model. Once an appropriate model has been found, detailed analysis of the electronic properties will provide insight into the work function lowering mechanisms that operate in the surface Ba-0 layer.
However, the idealized approach and sequence described above were not practical in the early stages of our program. Instead, all three efforts were carried out concurrently. While FLAPW calculations and UPS measurements were performed with monolayer BaO on W ( 00 1 ) single-crystal surfaces, our initial SEXAFS experiments were carried out on poly-crystalline substrates (viz., ac-U.S. Government work not protected by U.S. copyright tual dispenser cathodes) for ease of data analysis. We will describe in this article some of our initial results, particularly those pertinent to our current understanding of the adsorption geometry. In particular, we conclude that the vertical (or standing up) adsorption geometry appears to be very unlikely on either the W (001 ) or polycrystalline surfaces.
We will describe briefly the SEXAFS, UPS and FLAPW techniques in Sections 11, IV, and VI, respectively, and we will summarize some important results from the application of each individual technique [16]-[18] in Sections 111, V, and VII. Finally, we will conclude with some summary observations in Section VIII.
11. SEXAFS SPECTROSCOPY EXAFS experiments measure the X-ray absorption coefficient of a selected element in the sample as a function of photon energy. In surface EXAFS or SEXAFS, this element is an adatom. The sc-ries of oscillations (fine structure) found above the absorption edge originates from the interference of the wave function of the outgoing photoelectron with itself due to scattering off the neighboring atoms. The power of EXAFS lies in its sensitivity to the local environment, namely, EXAFS measures bond lengths, coordination numbers (i.e., the numbers of neighbors), and, to a limited degree, identifies the kind of neighbor around a specific atomic species.
EXAFS is basically a bulk technique because of the large penetration depth of X-rays. However, when the surface atom is different from the bulk, and the measurement is made with photon energies above a core-electron excitation threshold of the surface atom, the technique becomes surface sensitive. Electron detection techniques are frequently used in SEXAFS to enhance the surface sensitivity. Usually, SEXAFS suffers from a lower signal-tonoise ratio than bulk EXAFS. The accuracy and resolution often are not as good due to the limited data range. Even in favprable conditions, the accuracy is expected to be f0.05 A in bond length determination and f 2 0 percent in coordination number determination [ 191. Fortunately, a thermionic cathode surface is particularly suitable for SEXAFS investigations. SEXAFS does not require a single-crystal surface, and the detection method can be particularly simple. We have employed a Total Electron Yield (TEY) technique, which normally has a lower signal-to-noise ratio than, say, the Auger yield technique (for a recent review, see, for example, [19] ). However, because of the high secondary electron yield efficiency of BaO covered surfaces [20] (which serves to enhance the signal), we were able to obtain high-quality SEXAFS data (i.e., with good reproducibility and without large extraneous features in the Fourier transforms).
All our measurements were made with samples at ambient temperature. To understand the surface geometry of a working cathode, it is desirable to perform the measurements near the cathode operating temperature. However, thermal disorder (Debye-Waller factor) and high thermionic emission make SEXAFS measurements at an elevated temperature difficult. (Note that on our cathode surfaces, EXAFS oscillations have amplitudes of the order of A. ) With the sample at ambient temperature, we have to be certain that SEXAFS measurements are not carried out on a gas-contaminated surface. To guard against this possibility the cathodes were thoroughly cleaned thermally prior to each SEXAFS measurement and the experiments were performed in a UHV ( 2 x lo-'' torr) system with a cryogenic panel that was kept cold during the measurements. No significant effects of residual gases were observed on our SEXAFS spectra via changes with length of time exposed to the UHV ambient.
On single-crystal surfaces, the polarization direction of the synchrotron light with respect to the surface normal strongly influences the SEXAFS spectra. This anisotropic effect is often used to determine the adsorption symmetry and adsorption site. In our initial series of experiments, however, we have chosen polycrystalline substrates because of the simplicity of data analysis as well as sample preparation. In fact, the samples were two commercial dispenser cathodes (standard Spectra-Mat 41 1 types with 20-percent porosity). Auger analysis showed 0.8 layers of BaO coverage on cathode #1, which is typical of an active cathode early in life. Cathode #2 was aged at 1200°C for 70 h, and the surface BaO coverage was found to be about 0.6 layers. Activation and aging processes were all carried out inside an UHV system at a pressure around 2 X lo-'' torr.
SEXAFS RESULTS
A typical spectrum taken on cathode #1 is shown in Fig. l(a) , above and below the barium L3 edge ( ~5 2 4 7 eV). The accompanying Fig. l (b) was taken on a bulk BaO sample, prepared by in situ thermal decomposition of BaC03. Surface BaO data are clearly distinguishable from the bulk, particularly by the near edge features. Both cathodes were large compared to the beam diameter of the probing X-ray so that measurements could be repeated on totally independent areas of the cathodes. Data were found to be very reproducible on each of the two cathode surfaces. Aside from small differences (mainly a smaller EX-AFS oscillation amplitude associated with the smaller Ba-0 coverage), the two sets of data are very similar. The smaller amplitude can be attributed to a smaller number of oxygen neighbors and a larger static disorder on the less densely covered surface.
The data were Fourier analyzed after a standard background subtraction and conversion to k-space [19] . The Fourier transforms (magnitudes) of the two spectra in Fig.  1 are shown in Fig. 2 . The first two features in the Fourier transform were used to derive the bond lengths and coordination numbers for the first two nearest neighbors, using the ratio technique. The results are summarized in Table I . The ratio technique is widely used for EXAFS and SEXAFS data analysis [19] , [21] , [22] . In this technique, the unknown quantities such as the backscattering amplitude, the phase shift, and the amplitude damping factors are all derived experimentally from a model com- pound of well known crystal structure. In contrast, Norman et al. [ 111 chose a curve fitting technique, for which the above mentioned quantities were based on theoretical calculations. On presumably similar cathode surfaces, the conclusions drawn from our study are radically different from the pioneering work of Norman et al. We are unable to resolve the discrepancy at this point. In both analysis techniques the scattering processes are assumed to be independent of the valence electrons and the chemical transferability of the scattering phases and amplitudes has been utilized. The validity of this procedure has been demonstrated in bulk EXAFS [19] , [21] , [22] . However, since the chemical environments are drastically different in the bulk model compound and the unknown surface complex, the measurement errors can be larger than estimated in Table I . We plan to carry out additional SEXAFS measurements on well characterized BaO structures adsorbed on single-crystal surfaces so that the SEXAFS-derived structure can be checked against other techniques. Our results are inconsistent with the vertical (or standing-up) model. With this model, each Ba atom should have one oxygen neighbor, but we have found close to three oxygen neighbors. A lying-down model is also incorrect, since it is not possible to accommodate three ox- ygens and six bariums in a planar geometry at the observed distances. In the model we proposed (see Fig. 3 ), the Ba-0 axis is tilted at 5: 30" with respect to the surface plane so that the derived bond lengths and coordination numbers (see Table I ) can be simultaneously satisfied. However, further investigations are needed to determine whether we indeed have one type of BaO overlayer such as pictured in Fig. 3 extending over different crystal faces, or we merely observed some average over several types of overlayers. Nevertheless, the hexagonal packed geometry is supported by the features due to distant neighbors, e.g., the origins of the features A, C, and D in Fig.  2(b) are identified in Fig. 3 . Furthermore, the bond lengths I v . UPS AND ARUPS To correlate with the surface geometrical information derived from SEXAFS, we plan also to investigate the surface electronic structure with UPS and ARUPS. In the photoemission process, a photoexcited electron increases its energy by a precise amount through the absorption of one photon. Its initial binding energy is easily calculated from its final kinetic energy, which can be measured by an electron energy analyzer. A UPS spectrum, which displays the number of photoemitted electrons as a function of binding energy, provides a direct map of the electronic energy levels (density of states) in a substance. In many cases, the tunability of the photon energy from a synchrotron source enables one to identify the chemical origins of the UPS features via a resonance photoemission process [23].
In ARUPS, an angle-resolved electron energy analyzer is used, a complete map of the band stru_cture (i.e., the energy-momentum dispersion relation E( k ) ) of the electrons in a crystalline sample can-be obtained [25] . Because ARUPS determines E and k for the emitted photoelectrons, and because one knows the energy and momentum of the incident photons, simple conservation laws allow one to determine the energy and momentum that the electrons had before they were ejected. For an ordered adsorbed layer, ARUPS data are particularly simple to interpret because of the reduced dimensionality. Symmetry rules play an essential role in the data analysis. Special examples of their application are in the determination of the orientation of molecules adsorbed on surfaces, and the direction of chemical bonds through the polarization dependence of the photoelectron emission [25] . In fact, it was this particular prospect that initially motivated us for this program.
Our UPS spectra showed a strong dependence on the coverage and geometry of the BaO overlayers. We chose to study BaO overlayers with well defined coverage and geometry. The procedure for the preparation of these overlayers was established through a combined AES and LEED study. The UPS spectra was also sensitive to surface cleanness, which is a direct consequence of surface sensitivity of the technique. We found that UPS was very useful for studying gas adsorptions (such as H20, CO, or C O 2 ) on BaO films [17] . With UPS, we were able to identify the formation of surface hydroxides and carbonates, each of which has distinct features in their respective UPS spectra. In contrast, examination with AES showed little evidence of change after the same amount of gas exposure.
V. UPS RESULTS UPS measurements were performed on well-ordered BaO layers on single-crystal W (001 ) and W (01 1 ) surfaces. BaO adsorption on W(OO1) induces a prominent feature in the valence band 5.9 eV below the Fermi level (see Table 11 ). The binding energy of this feature is not quite as large as that of the oxygen 2p-derived feature (6.4 eV below EF for p ( 2 X 1 ) 0. ) The oxygen 2p, and 2p,,, features occur with nearly the same binding energy and are not resolved [17] . For BaO adsorption on W (01 1 ), submonolayer quantities introduce two features into the valence band photoemission spectra 4.5 and 6.3 eV below the Fermi level. At coverage levels greater than a monolayer, UPS spectra from this surface are dominated by a feature at 4.3-eV binding energy. This feature is characteristic of photoemission from bulk BaO. These results indicate that the valence band electronic structure of BaO adsorbed on W (001 ) or W (01 1 ) surfaces is significantly modified from the electronic structure of bulk BaO, suggesting that the adsorbed BaO overlayer interacts strongly with both substrates.
The peak positions observed in the UPS spectra can be compared directly with theoretically predicted valence band and shallow core energy levels. Shown in Table I1 are the peak positions observed on a single-crystal W (001 ) surface covered with a c ( 2 X 2) overlayer of adsorbed BaO (monolayer coverage), together with the calculated energy levels obtained using the FLAPW method to be described in the next section. The photoemission experiments were performed while collecting electrons emitted along the sample normal. Consequently the observed peak positions in the UPS are to be compared to the FLAPW calculation at the gamma point of the surface Brillouin zone. 
VI. FLAPW CALCULATIONS
To complement the experimental techniques just described, theoretical calculations of the electronic properties of model Ba-O/W(OOl) structures are being carried out using the highly accurate all-electron full-potential linearized augmented plane-wave (FLAPW) method for thin films [26] . This method was selected because of the following features: 1) it is one of the most accurate and efficient computational methods for condensed systems currently available; 2) there are no shape approximations made to either the charge density or the potential; 3 ) the local density functional one-electron equations are solved fully self-consistently ; 4) total energies can be calculated to milli-electronvolt accuracy; and 5 ) no empirical parameters are required-the only inputs to the calculation are the positions of the atoms and their atomic number.
Of course, because of the complexity of the calculations, it is not possible to treat a real (polycrystalline) cathode surface using this technique. Fortunately, however, it has been established that a single-crystal W (001) substrate with an adsorbed monolayer of stoichiometric barium and oxygen provides a good model for a standard tungsten-matrix cathode [7] , and it is to this model cathode that we will apply our combined experimental and theoretical analyses. In our theoretical investigations the tungsten substrate is represented by a five-layer slab and the barium and oxygen adsorbates are positioned on both sides of the slab in a c ( 2 X 2 ) overlayer structure (in agreement with LEED).
While the overall symmetry of the overlayer is consistent with that observed by LEED, the actual positions of the barium and oxygen atoms within the c( 2 X 2 ) unit cell have yet to be resolved. Ideally, one would like to use the atomic positions determined by SEXAFS to initiate the calculations but, as discussed earlier, such experiments have only been performed on polycrystalline samples thus far. In principle, one could theoretically determine the adsorbate positions by finding that configuration that minimizes the total energy of the system. In practice, however, the calculations are so expensive that only a limited number of possible geometries can be investigated. We have considered only the most physically likely subset of structures in which the adsorbate atoms lie above the fourfold hollow sites of the W (001 ) surface.
VII. THEORETICAL RESULTS FOR Ba-O/W (001 )
We first considered several examples of the vertical configuration with both the barium and oxygen atoms atop the same fourfold hollow site in the c ( 2 X 2 ) unit cell [ 181. This geometry has been suggested by Norman et al. [ 111 based on the results of their SEXAFS experiments carried out on real dispenser cathodes. We used the Ba-0 and Ba-W distances quoted in their paper as a starting point and then systematically (and independently) increased the barium and oxygen separations !ram the substrate over a range of approximately 0.25 A . (Geometrical constraints prevent one from moving the adsorbates closer to the surface in this geometry.)
We found that the adsorption of a monolayer of barium and oxygen reduces the calculated work function of the clean W (001 ) surface (4.65 eV ) by approximately I . 8-2.0 eV within this range of assumed geometries. The magnitude of the work function lowering appears to be relatively insensitive to the vertical Ba-0 separation within the overlayer and is determined primarily by the height of the barium atoms above the tungsten substrate. This suggests that the interaction between the barium adsorbate and the substrate plays a crucial role in determining the nature of the surface dipole, which acts to lower the work function of the combined system. This view is supported by a detailed examination of the electronic properties of the Ba-O/W (001 ) system [ 181. The two prominent d-like surface peaks near EF (the Fermi energy) in the clean W (001 ) density-of-states (DOS) spectrum are found to acquire a significant admixture of barium d character upon adsorption due to hybridization between the localized d-like surface states of the tungsten surface and the valence states of the barium adsorbate. The participation of the barium d states in the bonding is an important feature that has been neglected in previous treatments of the problem. As a result of this bonding, there is a net polarization of electronic charge away from the surface tungsten atoms and the vacuum region toward the barium adsorbates. One also observes strong bonding between the oxygen 217 states and the tungsten substrate in this geometry, which results in a net transfer of electronic charge away from the oxygen and into the subsurface regions of the tungsten film. The net result of these multiple interface dipoles is a substantial reduction in the effective ionicity of the Ba-0 overlayer and a raising of the mean electrostatic potential in the interior of the adsorbed surface. This leads to a corresponding rise in the Fermi level and, therefore. a lowering of the work function and explains why the calculated work function lowering of approximately 2 eV is much less than one would expect assuming the usual picture of a simple ionic Ba++-O--surface dipole layer.
While the magnitude of the work function lowering is :,ignificant for the vertical geometry, it is still some 0.65-0.85 eV less than is observed experimentally. Moreover, the position of the oxygen 2s levels in the calculated DOS !;pectrum is about 4 eV too low in energy compared to the JJPS measurements (see Table 11 ). The position of the oxygen 2s peak is very sensitive to the separation of the oxygen atom from the substrate and this result suggests that i.he oxygen atoms are much too close to the tungsten sub-:strate in this type of geometry. But in the vertical configuration one cannot move the oxygen away from the surface without also moving the barium atom that sits atop it, and a large displacement of the oxygen atoms away From the surface would place the barium atoms in a very Znergetically unfavorable position. We therefore moved the barium adsorbate to the adjacent fourfold hollow site in the c ( 2 X 2 ) unit cell and began investigating various models with a "tilted" geometry. In this configuration it is possible to move both adsorbates independently and one can easily increase the oxygen-substrate distance without drastically changing the barium-tungsten separation.
The theoretical results obtained thus far clearly and strongly favor the "tilted" over the "vertical" overlayer geometry. The total energy of the adsorbate/substrate system decreases substantially as the oxygen adsorbates are moved away from the substrate, and the oxygen-related peaks in the DOS also move upward in energy. We are currently in the process of determining the optimum barium and oxygen heights in this configuration by minimizing the total system energy. Until this step is completed it would be inappropriate to make a quantitative comparison between theory and experiment. However, for geometries in the general vicinity of the total energy minimum, the oxygen 2s peak in the DOS is shifted up in energy by approximately 4.0-4.5 eV with respect to its corresponding position in the vertical models and now appears to be in good agreement with the UPS measurements. The electronic properties again appear to reflect significant bonding between the localized d-like surface states of the W (001 ) substrate and the barium d-like valence electrons. When the optimum adsorbate geometry has been determined, a more detailed analysis of the electronic properties will be made. Also, the theoretically determined geometry will be available for comparison to the results of future (planned) SEXAFS experiments on single-crystal W (001 ) substrates with monolayer Ba-0 coverage.
VIII. SUMMARY
The properties of a surface Ba-0 overlayer on a dispenser cathode are undoubtedly essential to the performance and reliability of the cathode. We hope to form a complete picture of the surface layer through the combined use of the three techniques described in this paper.
In our initial stage of study, we have already obtained some new insights and learned some new concepts from the application of each individual technique. For example, we have found that the simple classical dipole layer picture provides an oversimplified description of the surface layer. Based on that picture, a vertical BaO adsorption model should result in a much greater work function reduction than is actually observed. The initial FLAPW calculations have revealed that, on the contrary, the vertical model is insufficient to account for the work function lowering. The strong interaction of both the oxygen and barium adsorbates with the tungsten substrate induces substantial charge transfer (from O--to W, from W back to Ba"), which weakens the dipole layer strength. UPS studies also indicate a strong interaction between the tungsten substrate and the Ba-0 overlayers. Gas adsorption studies with UPS suggest further that the adsorbed gaseous molecules interact more strongly with the tungsten substrate than with the Ba-0 overlayer. This stimulates speculation that an appropriate choice of the substrate material could help cathode performances in a hostile environment and improve the fast turn-on performance of a shelf-stored cathode.
The major issue we have addressed in his article is the adsorption geometry of BaO on tungsten surfaces: a tilted geometry appears to be more likely than a vertical geometry on either a single-crystal (001 ) or polycrystalline tungsten surface. This conclusion has been drawn independently from both a SEXAFS study on polycrystalline tungsten substrates and a combined FLAPW and UPS study on W (001 ) surfaces.
Our results from the FLAPW and UPS investigation are not consistent with a vertical adsorption model: From total energy considerations, this geometry is unstable; the observed density of states is quite different from that calculated for the vertical model. Among the limited numbers of tilted configurations evaluated, reasonable agreement appears to be possible in terms of the energy levels.
The surface geometry determined from our SEXAFS study on dispenser cathodes is also quite different from the vertical model. (A dispenser cathode surface is known to have randomly distributed orientations dominated by high index planes [27] . The tentative model proposed is a tilted geometry with the Ba-0 axes at about 30" above the surface plane. Although the accuracy of the proposed model must await further verification, the vertical geometry can be ruled out. A comparison between the Fourier transforms of bulk and surface BaO films such as that shown in Fig. 2 can provide a rough estimate of the bond lengths and numbers of neighbors without invoking a particular method of data analysis. Note that the corresponding peak heights of the first two features in the surface and bulk transforms are comparable in magnitude, but the peak positions differ substantially in radial coordinate. It is clear that the bond length contraction is real and each surface Ba has definitely more than one oxygen nearest l b E F TRANSACTIONS ON ELECTRON DEVICES. VOL 36 N O I . JANUARY 198') neighbor.' Therefore, as in the case of Ba-0 on W (001 ), we conclude that the barium and oxygen overlayer on dispenser cathode surfaces does not exhibit a vertical geometry.
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